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Printing technologies combined with a computer-aided design (CAD) have found an increasing 
number of uses in pharmaceutical applications. In extrusion-based printing, the material is 
forced through a nozzle to form a three-dimensional (3D) structure pre-designed by CAD. The 
aim of this study was to evaluate the 3D-printability of biocompatible aqueous 
poly(ethylene oxide) (PEO) gels and to investigate the effects of three formulation 
parameters on the 3D printing process. The impact of PEO concentration (gel viscosity), 
printing head speed and printing plate temperature was investigated at three different 
levels using a full factorial experimental design. The aqueous PEO gels were printed with 
a bench-top extrusion-based 3D printing system at an ambient room temperature. The 
viscosity measurements confirmed that the aqueous PEO gels follow a shear-thinning 
behaviour suitable for extrusion-based printing. Heating the printing plate allowed the gel to 
dry faster resulting in more precise printing outcome. With the non-heated plate, the gel formed 
a dumbbell-shaped grid instead of straight lines. Higher concentration and more viscous PEO 
gels formed the best structured 3D-printed lattices. In conclusion, the accuracy and precision 
of extrusion-based 3D printing of aqueous PEO gels is highly dependent on the formulation 
(PEO concentration) and printing parameters (printing head speed, plate temperature). By 
optimizing these critical process parameters, PEO may be suitable for printing novel drug 
delivery systems.
Keywords: Extrusion-based 3D printing; Poly(ethylene oxide); Gel; Viscosity; Process 
parameters; Drug delivery system
3
1. Introduction
Three-dimensional (3D) printing is a technique for layer-by-layer creation of pre-designed 3D 
structures of any shape. Today, there are a lot of different 3D printing methods available using 
either powders, liquids or semisolids as initial material. Extrusion-based 3D printing forms the 
designed structures and shapes by forcing given material directly through a nozzle. Extrusion-
based 3D printing combined with a computer-aided design (CAD) has been used for different 
applications, e.g. in tissue engineering, drug delivery systems (DDSs) and food printing. The 
carrier material used for the extrusion-based printing is commonly in a semisolid or molten 
state. More recently, an increasing interest in using hydrogels as an alternative carrier material 
in extrusion-based 3D printing is being reported in the literature [1–4]. Hydrogels are widely 
used for extrusion-based 3D printing applications, mostly due to their suitability to be 
used for tissue engineering or organ bioprinting (e.g. degradation, biological response, 
compatibility) [1,2,4]. The latter is also related with the selection of suitable polymers and 
good 3D printing properties of hydrogels enabling more precise control of deposition.
While 3D printing is extensively used and is considered as a promising future 
fabrication method for food products and pharmaceuticals, a number of challenges still need to 
be overcome. These include e.g., finding well-printable biocompatible materials, improving 
the performance of the printing systems, gaining understanding of the 3D printing process, and 
optimization of the process [5]. The well-known “bottle neck” for the use of 3D printing in 
medical applications is to find suitable biocompatible polymers as carrier materials [6,7]. 
Materials used in medical and pharmaceutical applications need to be biocompatible, 
biodegradable and non-toxic. Moreover, the materials need to comply with the technical 
requirements set by the printing technology used. Therefore, the chemical and physical 
properties of the carrier materials are of vital importance [8,9]. When printing with semisolid 
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materials such as gels, pastes, viscosity is one of the key parameters, and thus the rheological 
tests are critical for assessing the suitability of any material for printing [10–13]. The material 
needs to be viscous enough to maintain structural integrity after printing. With the materials 
being too viscous, higher force is needed to inject it through the printer head nozzle. Here a 
shear thinning behaviour of the material is beneficial. Other material properties affecting 
printability include the gelation mechanism, surface tension, density, and thermal properties 
[4,14].
Poly(ethylene oxide) (PEO) is a hydrophilic, thermoplastic semi-crystalline synthetic 
polymer obtained by the polymerization of ethylene oxide monomer [15]. PEO is 
biocompatible and biodegradable, thus making it a suitable material for pharmaceutical and 
biomedical applications either on its own, in the composition of copolymers or in combination 
with other polymers. PEO has been used in the 3D printing of composite materials. For 
example, Pluronic® block-copolymer (consisting of PEO – polypropylene oxide – PEO) 
allows the 3D printing of vascularized tissue constructs [16]. PEO has also been used as the 
viscosity enhancer for printing polyurethane elastomers [17]. Beside PEO other 
pharmaceutically relevant polymers are studied for extrusion-based printing. These include e.g. 
hydroxypropyl cellulose [18], hydroxypropyl methylcellulose, microcrystalline cellulose 
[19,20] and polyvinyl alcohol [21]. The range of materials becomes wider when also other 
printing methods (e.g. powder solidification, selective laser sintering etc.) are considered 
(reviewed in [22]).   
Printability is defined here as the capability of a 3D printer to reproduce a given model 
created by CAD. This is important because the quality of the final product is determined by the 
printing process accuracy and precision. To date, only few studies have been published 
focusing at the evaluation of printability in extrusion-based 3D printing by analysing the final 
3D-printed product [10]. This has been performed mainly in two dimensions by taking into 
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account either the width of the printed scaffold filament [9,23], filament collapse test [9], 
overlaps in sharp corner printing [13], area of the lattice gap [13], properties of the lattice gap 
[9,24], the visual appearance [25] and surface roughness [26] of the 3D printed object. 
The 3D printing of pharmaceuticals can be considered as a new chapter in personalized 
medicine. Since the U. S. Food and Drug Administration (FDA) approved the first 3D printed 
drug product Spritam® (an orally disintegrating tablet introduced by Aprecia Pharmaceuticals) 
in 2015, the applicability of 3D printing of pharmaceuticals has become more and more a topic 
of discussion [27]. The need for personalised dosage forms, implants and DDSs (personalized 
release kinetics, multi-active pharmaceutical ingredient (API) dosage forms) is widely 
discussed and emphasized in relevant literature [20,28–30].
In the development of printed pharmaceuticals, it is of outmost importance to end up in 
the final product with reproducible dimensions and shape, desired mechanical properties, and 
controlled drug release. Therefore, understanding of the 3D-printing process, identification of 
critical process parameters and profound knowledge on the behaviour of printable materials, 
are crucial. For example, the variations and defects in the geometry and shape of printed DDSs 
can result in an inadequate drug dosing and delivery [31]. 
The aim of this study was two-fold: (1) to evaluate the applicability of aqueous 
PEO gels for an extrusion-based 3D printing and fabricating specially designed platforms 
(lattices) intended for the development of DDSs; (2) to assess the effects of PEO 
concentration (gel viscosity) and two process parameters (printing head speed and 
printing plate temperature) on the printability of PEO and the final geometry and 
topography of the printed lattices. 
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2. Materials and methods
2.1. Materials and gel preparation
Aqueous gels of poly(ethylene oxide), PEO (MW approx. 900,000, Sigma-Aldrich, 
USA) were used for extrusion-based 3D-printing. PEO was dissolved approximately for at 
least 13-15 hours in distilled water at an ambient room temperature to form a viscous gel. The 
gels were printed as such without further crosslinking. The gels further referred as 10%, 15% 
and 20% were prepared dissolving either 1 g, 1.5 g or 2 g of PEO in 10 ml of distilled water, 
respectively
2.2. Lattice design
The model 5 x 5 grid lattice for 3D printing experiments was designed with an 
Autodesk® 3ds Max® Design 2017 software (Autodesk, Inc., USA). The dimensions for a 
square-shaped 3D lattice were 20 x 20 x 1 mm. The surface area of the theoretical lattice (160.9 
mm2) was compared with the experimental areas of the 3D-printed lattices (ranging from 
112.5 mm2 to 281.7 mm2) via image analysis (as described in 2.5. Evaluation of printability).
2.3. Viscosity of printing gels
The viscosity measurements of the gels were conducted with a Physica MCR 101 rheometer 
(Anton Paar, Austria) using a cone-plate geometry. The measurements were carried out at 
25°C. The viscosity of the gels was measured in a rotational shear test at the controlled 
shear rates between 100 s-1 to 0 s-1. All measurements were carried out in triplicates.
2.4. 3D printing
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The PEO gels were directly printed using a bench-top extrusion-based 3D-printing 
system (System 30M, Hyrel 3D, USA). The printing head consists of a steel syringe with a 
plunger that is connected to the stepper motor which moves the plunger up or down and 
pushes the content in the syringe out. A blunt needle (Gauge, 21G) connected to the 
syringe serves as a printing nozzle. The printing head (syringe with a nozzle) is mounted 
to a heating element that allows the control of a temperature inside the syringe during 
printing (temperature in the printing head). During 3D printing, the printing head is 
moving at a set speed (printing speed) on X-Y axis, extruding the printing material at a 
specified speed through the nozzle (extrusion speed) onto a thermostated printing plate. 
Following every printed layer, the printing plate is lowered by a predefined distance 
(layer height), thus allowing the printing head to create another layer of material on the 
top of a printed object. The software of a 3D printer controls the temperature of a 
printing head and plate, the moving speed of a printing head, gel extrusion rates, and 
other settings.
The printing experiments were carried out with three different PEO concentrations 
(X1): 10%, 15% and 20% (Table 1). The effects of a printing head speed (X2) and printing 
plate temperature (X3) on the overall printability of PEO gels were evaluated as independent 
process parameters (Table 1). The printing head speeds (X2) studied were 0.5 mm/s, 1.0 
mm/s and 1.5 mm/s. The printing plate temperature (X3) was set at 30°C, 50°C or 70°C. 
All other process parameters, such as layer height, extrusion speed, needle size, and 
temperature in the printing head were kept constant. The responses studied were the 
lattice weight (mg) (Y1), lattice area (mm2) (Y2), and lattice area ratio (rs) (Y3) (Table 
1).  
Table 1. Full factorial design matrix (33) and the results (n=3)  
Independent parameter* Response*
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Exp. X1 X2 X3 Y1 Y2 Y3
1 -1 -1 -1 24.5  12.1 162.7  41.3 1.01  0.26
2 -1 -1 0 30.2  7.2 149.4  4.9 0.93  0.03
3 -1 -1 +1 47.0  21.0 245.2  79.8 1.52  0.50
4 -1 0 -1 27.8  0.6 202.0  27.8 1.26  0.17
5 -1 0 0 37.8  19.6 195.2  16.0 1.21  0.10
6 -1 0 +1 26.4  13.3 136.8  25.7 0.85  0.16
7 -1 +1 -1 25.6  6.3 240.9  82.4 1.50  0.51
8 -1 +1 0 29.8  1.9 152.8  15.3 0.95  0.09
9 -1 +1 +1 34.2  4.9 169.8  20.9 1.06  0.13
10 0 -1 -1 44.3  2.0 154.7  33.4 0.96  0.21
11 0 -1 0 43.8  1.8 190.0  32.1 1.18  0.20
12 0 -1 +1 44.9  3.3 186.0  3.3 1.16  0.02
13 0 0 -1 56.1  13.6 230.7  28.3 1.43  0.18
14 0 0 0 44.4  4.6 151.0  26.5 0.94  0.16
15 0 0 +1 45.8  4.2 169.7  31.8 1.06  0.20
16 0 +1 -1 43.8  7.3 281.7  13.1 1.75  0.08
17 0 +1 0 37.9  5.8 141.9  5.8 0.88  0.04
18 0 +1 +1 43.6  1.2 170.0  27.4 1.06  0.17
19 +1 -1 -1 76.8  15.2 188.1  20.9 1.17  0.13
20 +1 -1 0 53.1  11.3 153.3  18.3 0.95  0.11
21 +1 -1 +1 71.3  9.6 171.8  36.7 1.07  0.23
22 +1 0 -1 56.4  2.3 208.1  98.8 1.29  0.61
23 +1 0 0 46.2  9.5 126.2  5.8 0.78  0.04
24 +1 0 +1 57.6  11.1 112.5  7.2 0.70  0.04
25 +1 +1 -1 51.4  1.6 210.9  34.0 1.31  0.21
26 +1 +1 0 53.7  2.5 134.1  7.7 0.83  0.05
27 +1 +1 +1 57.8  8.1 137.6  4.1 0.86   0.03 
*Key: X1 = Concentration of PEO solution: 10% (-1), 15% (0), 20% (+1); X2 = Printing head 
speed (mm/s): 0.5 (-1), 1.0 (0), 1.5 (+1); X3 = Printing plate temperature (C): 30 (-1), 50 (0), 
70 (+1).  Y1 = Lattice weight (mg); Y2 = Lattice area (mm2); Y3 = Lattice area ratio (rs).
The potential thermal-induced changes of a carrier polymer (PEO) in 3D extrusion-
based printing were investigated by fabricating three additional 20 x 20 x 1 mm full squares 
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(lattices). The same three printing plate temperatures were used (e.g. 30 °C, 50 °C and 70 °C). 
The PEO concentration of the aqueous gel was 15%. The printing speed was set at 1.0 mm/s. 
The 3D-printed lattices were stored in closed zip-lock bags until further studies. The solid-
state analysis of the 3D-printed lattices was conducted as described in the later chapters.
2.5. Evaluation of printability
The evaluation of 3D printability was based on the lattice weight, dimensions and area 
measurements. Each printed polymeric lattice was carefully weighed with an analytical scale 
and photographed using a digital single-lens reflex camera Nikon D3300 (Nikon, Japan). The 
photographs were analysed with an ImageJ (National Institute of Health, U.S.) image analysis 
software (version 1.51k) [32].The area was automatically calculated from a black-and-white 
image based on a threshold value. This experimental value was then compared with the 
theoretical area value of a designed lattice. The ratio of areas was calculated as the ratio of 
experimental area to the theoretical area (Equation 1):
   (Eq. 1),
where rs stands for the calculated ratio, Se for the experimental area and St for the 
theoretical lattice area calculated from the designed lattice model. Each printed lattice was 
individually weighed to assess the uniformity and reproducibility of the 3D-printed PEO 
lattices.
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The effects of PEO concentration (X1), printing head speed (X2) and printing plate 
temperature (X3) on over all printability of PEO gels were modelled using the following 
second-order polynomial Equation 2:
𝑌 = 𝑎1 ∙ 𝑋1 + 𝑎2 ∙ 𝑋2 + 𝑎3 ∙ 𝑋3 + 𝑎4 ∙ 𝑋1 ∙ 𝑋2 + 𝑎5 ∙ 𝑋1 ∙ 𝑋3 + 𝑎6 ∙ 𝑋2 ∙ 𝑋3 + 𝑎7 ∙ 𝑋12
  (Eq. 2),+𝑎8 ∙ 𝑋22 +𝑎9 ∙ 𝑋32 +𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
where Y = response and a1...a9 = coefficients.
The model was reduced with a multi-linear backward, step-wise regression technique. 
The least significant terms were excluded from the model as long as the predictive power (Q2) 
of the model was increasing (Table 2). The modelling was performed using Modde for 
Windows (Version 7.0.0.1, Umetrics, Sweden). 
Table 2. The fitted models for unscaled coefficients and responses
Coefficient Y1 Y2 Y3
a1 2.68 3.12 0.0186
a2 -6.46 152 0.940
a3 NS -4.68 -0.0299
a4 NS NS NS
a5 NS -0.110 -0.000667
a6 NS -2.95 -0.0183
a7 NS NS NS
a8 NS NS NS
a9 NS 0.0821 0.000517
constant 11.2 215 1.36
R2 0.746 0.682 0.681
Q2 0.668 0.411 0.410
NS = not significant
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The final appearance of the polymeric lattices was assessed by visual inspection. The 
visual assessment group consisted of total 10 persons, who independently (and in a randomized 
blinded order) gave the ranking quality points to the 3D-printed lattices. The assessment group 
was given a reference lattice printed with acrylonitrile butadiene styrene. The ranking quality 
points ranged from 1 (indicating the poorest quality) to 10 (indicating the best quality). 
2.6. Fourier-transform infrared (FTIR) spectroscopy 
The FTIR spectra of the printed PEO squares were obtained using an IRPrestige-21 
spectrophotometer (Shimadzu Corp., Japan) and Specac Golden Gate Single Reflection 
attenuated total reflection (ATR) crystal (Specac Ltd., UK). The analytical range was from 600 
cm-1 to 4000 cm-1. All spectra were an average of 60 spectra, normalised and baseline corrected.
2.7. X-ray diffraction (XRD)
The samples were studied by XRD using the Bruker D8 Advance diffractometer with 
Ni filtered CuKα radiation, 0.3° divergence slit, two 2.5° Soller slits and LynxEye line detector. 
Scanning steps of 0.02°2θ from 5 to 35°2θ and a total counting time of 166 s per step were 
used.
2.8. Data analysis
All the data are presented as a mean ± standard deviation. The influence of the process 
parameters was evaluated using regression analysis. All tests were carried out using MS Excel. 
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3. Results and discussion
3.1. Viscosity of the aqueous PEO gels intended for 3D printing
The rheology of aqueous PEO gels followed a shear-thinning (also known as 
pseudoplastic) behaviour at all PEO concentrations studied (Figure 1). These results are in good 
agreement with the findings on the rheological behaviour of PEO gels reported in the literature 
[33]. In our study, the viscosity of the aqueous PEO gels increased together with the polymer 
concentration at all shear rates used. The viscosity of the present gels intended for extrusion-
based 3D printing ranged from 24.4 ± 1.1 Pa⋅s to 186.7 ± 6.8 Pa⋅s at a shear rate of 10 s-1. 
Perhaps surprisingly, the viscosity of aqueous PEO gels used in our study was even ten-to-
hundreds time lower than those reported in the literature for 3D printing by using gels of 
different materials [34,35]. However, Bakarich et al. [16] found that less viscous gels 
(similar to the PEO gels used in our study) are also applicable for extrusion-based bioprinting. 
It is evident that the successful 3D printing with low-viscosity PEO gels is partially 
attributed to the shear-thinning rheology of PEO gel. Shear thinning response and high 
near-zero viscosity has been reported as highly desirable in the context of liquid 
deposition modelling (LDM)-based 3D printing. In an extrusion-based printing, extrusion 
through a capillary nozzle at high shear-rates has been shown to decrease the viscosity of 
a printing material [34,36].
We observed that the viscosity behaviour of gels can be used for predicting the 
extrusion-based 3D printability of a carrier polymer. By knowing the range of viscosity profiles 
of the gels suitable for extrusion-based 3D printing, we can readily assess the expected 
printability of the material as well. Therefore, the gel viscosity of a carrier polymer is a crucial 
material parameter affecting the 3D-printability of the system. It is also important
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Fig. 1. Viscosity of PEO gels (25°C) intended for 3D printing. Key: PEO10 = 10% aqueous 
PEO gel; PEO15 = 15% aqueous PEO gel; PEO20 = 20% aqueous PEO gel.
important to find the most suitable printing parameters for such polymer(s), and to gain 
understanding of the printing process. This will in turn contribute finding more promising 
biocompatible polymers that can be applied in medical and/or pharmaceutical 3D 
printing. According to the literature, crosslinking of polymer can also increase the viscosity, 
and consequently, enhance printing low viscosity polymer inks [37]. The crosslinked Pluronic 
F127 gels with different polymer concentrations (viscosity ranging from 30 mPa⋅s to over 60 
× 106 mPa⋅s) were successfully applied in 3D printing [38]. The known viscosity profile and 
3D-printing process correlation can be further taken into consideration when choosing the 
design pattern and printing parameters.
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3.2. 3D-printability of aqueous PEO gels
3.2.1. Appearance of the 3D printed polymeric lattices
The extrusion-based 3D printing of the model lattices using aqueous PEO gels was found to be 
possible at all printing parameter levels included in the experimental design. The general 
morphology and printing accuracy of the lattices, however, varied significantly. As shown in 
Figure 2, the overall appearance and quality of the printed lattices were improved as the 
PEO concentration of the gels (and therefore also the gel viscosity) was increased. The 
two most common defects of the 3D-printed lattices were a dumbbell-shaped lattice and the 
fusion of separate printed layers, thus indicating unsatisfactory 3D-printing. The quality grades 
given to the 3D-printed lattices by independent visual inspection (n = 10) were in agreement 
with the results obtained in the further characterisation of the printed lattices. Calculating the 
area of printed lattices by image analysis and comparing it with the theoretical area of a 
designed model enabled us to evaluate the printability of aqueous PEO gels and influence of 
process parameters on the 3D printing. 
3.2.2. Weight and weight variation of the 3D printed polymeric lattices
The PEO concentration (X1) had a positive effect on the weight of the extrusion-based 
3D printed lattices (R2=0.9995). If higher concentration of PEO (20%) was used in 3D 
printing, more polymer was deposited during printing, thus resulting in a slight overall increase 
in the weights of 3D-printed PEO lattices (Figures 3A and 3B). The average weights for the 
3D-printed lattices were 31.5 ± 9.7 mg (PEO gel concentration of 10%), 45.0 ± 4.9 mg (15%) 
and 58.2 ± 7.9 mg (20%), respectively. 
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Fig. 2. Photographs of the 3D printed PEO lattices. The three independent variables in 
the factorial experimental design are given in Table 1. A, B and C denote lattices printed 
with 10%, 15% or 20% PEO gels accordingly.
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Fig. 3. Effects of the PEO concentration and printing head speed (mm/s) on the weight (mg) 
(A, B) and lattice area (mm2) (C, D) of the 3D printed polymeric lattices (n = 3). A. Surface 
plot (A, C) and contour plot (B, D) presentations. Reference is also made to Table 1. 
In addition to PEO concentration (X1), a printing head speed (X2) (i.e., the movement 
speed of a printing head on X-Y axis) affected the lattice weight. Since a gel-extrusion 
speed was kept constant, the printing head speed determines the time to complete the 
lattice printing and the amount of material deposited during that time. Therefore, as a 
printing head speed (X2) was decreased (longer time to complete printing), a slight 
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increasing trend in a lattice weight was observed (Figures 3A, 3B). The printing plate 
temperature (X3) did not affect the weight of the extrusion-based 3D printed lattices.
 
3.2.3. Surface area of the 3D printed polymeric lattices
According to the literature, extrusion-based (fused deposition) 3D-printing can result in the 
thermal contraction and shrinkage of the printed objects [39]. The effects of a printing head 
speed (X2) on the area of 3D-printed lattices at different PEO concentrations are shown in 
Figures 3C and 3D. Increasing the printing head speed (X2) and decreasing the PEO gel 
concentration (X1) led to larger area of the 3D printed lattices. It is evident that by using a 
higher printing head speed (X2), the gel material for one layer will be deposited faster, 
thus shortening the gap time before the next layer is printed. As shown in Figure 1, the 
PEO gels studied exhibit pseudoplastic behaviour, thus interfering with the gel settling. 
In addition, if a new layer is printed before the previous gel layer has not dried 
completely, the mass of the next layer will cause the deformation of the previous layer. 
This effect was seen with all 3D printing formulations studied here.
The printing plate temperature (X3) had a significant influence on the surface area 
of the 3D printed lattices (p0.05). The increase of a printing plate temperature (X3) 
resulted in a clear decrease of the surface area of the 3D printed lattices (Figure 4). This 
decrease in a lattice surface area was observed with all PEO gel concentrations (X1) 
studied but it was especially prominent with a PEO 20% gel concentration (Figure 4). 
The higher viscosity PEO gels were capable of keeping their initial shape on the course of 
a curing time, while lower viscosity gels exhibited deformation. The higher printing plate 
temperature enhances the drying of the previous gel layer prior to printing the 
subsequent layer onto it. 
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As shown in Figure 5, increasing a printing plate temperature (X3) lead to a clear 
decrease of the surface area of the 3D printed lattices at the printing head speed (X2) 
settings higher than 1.0 mm/s. Since the extrusion speed is kept constant, the amount of 
extruded material per lattice surface area is dependent on a printing head speed (X2) 
creating visually thinner print lines at higher printing speed levels and thicker print lines 
at lower printing speed levels. This in turn results in either smaller or larger 3D printed 
lattice surface areas, respectively. Interestingly, a printing head speed (X2) had a two-
fold effect on a lattice surface area: a positive effect as the lowest printing plate 
temperature (30C) was used, and a negative effect at the highest printing plate 
temperature (70C) used. However, these contradiction effects could not be explained by 
the amount of the extruded material per a lattice surface area. We feel that further studies 
are needed to gain understanding of this phenomenon. 
Printing head speed had a positive effect on the 3D lattice area at low printing plate 
temperature levels and negative effect on the present response at high printing plate 
temperatures (Figure 5). As discussed earlier, when the PEO gel is not exposed to higher 
temperature, print lines will be deformed by the flow of the material itself and the mass of the 
next layer. This results in the increase of the print line width. As the drying of the gel material 
is aided by elevated printing plate temperature, the lines remain thinner. Since the model lattice 
grid consists of one print line, the width of this line determines the overall lattice area. 
However, higher temperature during 3D printing may affect other relevant properties of 
polymers as well as drug substances when incorporated into the DDSs [40], hence these effects 
need to be separately investigated. In the present study the solid-state properties of the 3D 
printed lattices were tested and compared to raw materials.
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Fig. 4. Effects of the PEO concentration and printing plate temperature (C) on the lattice area 
(mm2) of the 3D printed polymeric lattices (n = 3). A Surface plot (A) and contour plot (B) 
presentation. Reference is also made to Table 1.  
Fig. 5. Effects of the printing head speed (mm/s) and printing plate temperature (C) on the 
lattice area (mm2) of the 3D printed polymeric lattices (n = 3). A. Surface plot (A) and contour 
plot (B) presentation. Reference is also made to Table 1.  
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3.2.4. Surface area ratio of the 3D printed polymeric lattices
The lattice area measurements of the 3D-printed objects give us information only on 
the layer formation behaviour of the gel material during printing. These measurements, 
however, do not directly indicate it, if the printability of the gel is good or poor. To evaluate 
the true printability, the actual value of the surface area of the 3D-printed lattice was compared 
to the theoretical lattice area (160.89 mm2). As shown previously in Figures 3C and 3D, the 
use of higher printing head speed resulted in a slightly larger area of the 3D-printed PEO 
lattices. The lattice area ratio (rx) (i.e., the ratio of the areas of an experimental and theoretical 
lattice) was similarly affected by both the printing head speed and PEO gel concentration 
(Figure 6). According to the model (as seen in Figure 6), the area of the experimental 3D-
printed lattice is closest to the theoretical value when the PEO concentration of the gel is 12% 
and the printing head speed used is 1.0 mm/s.  
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Fig. 6. Effects of the PEO concentration (A, B), printing head speed (mm/s) (A, C), printing 
plate temperature (C) (B, C) on the lattice area ratio (rx) of the 3D printed polymeric lattices 
(n = 3). Reference is also made to Table 1.   
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As seen from current study, the 3D printing process accuracy is influenced by more 
than one parameter at once, with the combination of printing plate temperature and printing 
head speed being the most prevalent (p=0.002). The present results suggest that the most 
challenging combination of the process parameters in terms of 3D printability is the high printer 
head speed (Figure 6A) and low plate temperature (Figure 6B). With the 3D-printed lattices, 
the measured area was larger than the theoretical value. Also, instead of a straight-lined grid, 
dumbbell shaped lattices were formed. Similar material spreading effect suggesting insufficient 
printability has also been observed in literature. [9,23,41] Heating up the printing plate results 
in faster drying of the printed PEO gels, thus allowing a faster printer head speed to be used 
(Figure 6C). The application of a faster printer head speed in turn lead to more precise 3D 
printing. With some other 3D-printed lattices (especially with those printed with a high PEO 
gel concentration), the experimental lattice area was smaller than the theoretical value (Figures 
6A and 6B). The possible reasons for this phenomenon were discussed already in the previous 
section.
3.3. Thermal-induced solid-state changes  
To verify whether any unexpected solid-state transformations took place at the 
utilized printing settings, we also conducted the solid-state analyses for the samples. It is 
well known that solid state transformations can have a great impact on the final 
performance and stability of DDSs. In our study, the printing plate temperatures above 
70°C were not studied due to the possible melting of PEO. Therefore, the elevated 
temperatures higher than 70°C are not considered as applicable for the 3D printing 
process described here.
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According to the literature, PEO degrades at elevated temperatures [42]. In the present 
extrusion-based 3D printing, the aqueous PEO gel and printed lattices were exposed to the 
printing plate temperatures ranging from 30 °C to 70 °C. The printing contact time ranged from 
20 min to 60 min. The melting temperature of PEO is approximately 65 °C [43]. In the present 
study, no visible melting of the carrier material was detected when the PEO gel was printed 
onto a plate at the temperature of 70 °C for up to 60 min. The possible thermal-induced solid-
state changes of PEO in extrusion-based 3D printing were investigated by means of FTIR 
spectroscopy and XRD. Figure 7A shows the FTIR spectra of the 3D printed PEO squares. 
Two significant absorption complexes were displayed between 2960 cm-1 and 2890 cm-1 and 
around 1100 cm-1 representing methylene stretching and a combination of ether group and 
methylene group stretching, respectively. The present results are in line with the earlier findings 
in the literature [44]. An increase in the intensity of absorption can be seen at approximately 
2875 cm-1 with the increase of the printing plate temperature. 
Fig. 7. Fourier-transform infrared (FTIR) spectra (A) and X-ray diffraction (XRD) patterns 
(B) of PEO polymer and 3D printed PEO squares printed on different plate temperatures.
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PEO shows two distinctive diffraction peaks at 2θ = 19° and 23° [45]. There is a 
decreasing tendency in the intensity at approximately 23°, observed when elevating the plate 
temperature. Yet, the XRD patterns do not show any significant difference in the degree of 
crystallinity between the 3D-printed PEO lattices prepared with different plate temperatures 
(Figure 7B).
It is known from the literature that the degradation temperature of PEO is ranging from 
400 °C to 450 °C for high molecular weight PEO [46–48]. As the temperature will not rise 
as high during extrusion-based 3D printing process and no apparent solid-state changes 
were detected at process temperatures, PEO can be also be confirmed as a plausible 
model polymer for these printability studies.
4. Conclusions
The aqueous PEO gels are applicable in an extrusion-based 3D printing of DDSs 
(specially designed polymeric lattices). The formulation and process parameters studied here 
are critical affecting the extrusion-based 3D printing of aqueous PEO gels. The optimization 
of the levels of PEO gel concentration, printing head speed and printing plate temperature is 
crucial for a successful and reproducible 3D printing. Extrusion-based 3D printing, however, 
is a multivariate continuous manufacturing process, and consequently there is a number 
of other significant printing parameters affecting 3D printing. No thermal-induced solid-
state changes of a carrier polymer are expected within the extrusion-based 3D printing 
of aqueous PEO gels in the temperature range from 30°C to 70°C.
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Figure and table legends
Fig 1. Viscosity of PEO gels (25°C) intended for 3D printing. Key: PEO10 = 10% aqueous 
PEO gel; PEO15 = 15% aqueous PEO gel; PEO20 = 20% aqueous PEO gel.
Fig 2. Photographs of the 3D printed PEO lattices. The three independent variables in the 
factorial experimental design are given in Table 1. A, B and C denote lattices printed with 10%, 
15% or 20% PEO gel accordingly’
Fig 3. Effects of the PEO concentration and printing head speed (mm/s) on the weight (mg) (A, 
B) and lattice area (mm2) (C, D) of the 3D printed polymeric lattices (n = 3). A. Surface plot 
(A, C) and contour plot (B, D) presentations. Reference is also made to Table 1.  
Fig 4. Effects of the PEO concentration and printing plate temperature (C) on the lattice area 
(mm2) of the 3D printed polymeric lattices (n = 3). A Surface plot (A) and contour plot (B) 
presentation. Reference is also made to Table 1.  
Fig 5. Effects of the printing head speed (mm/s) and printing plate temperature (C) on the 
lattice area (mm2) of the 3D printed polymeric lattices (n = 3). A. Surface plot (A) and contour 
plot (B) presentation. Reference is also made to Table 1.  
Fig 6. Effects of the PEO concentration (A, B), printing head speed (mm/s) (A, C), printing 
plate temperature (C) (B, C) on the lattice area ratio (rx) of the 3D printed polymeric lattices 
(n = 3). Reference is also made to Table 1.  
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Fig 7. Fourier-transform infrared (FTIR) spectra (A) and X-ray diffraction (XRD) patterns (B) 
of PEO polymer and 3D printed PEO squares printed on different plate temperatures.
Table 1. Full factorial design matrix (33) and the results (n=3). Key: X1 = Concentration of 
PEO solution: 10% (-1), 15% (0), 20% (+1); X2 = Printing head speed (mm/s): 0.5 (-1), 1.0 
(0), 1.5 (+1); X3 = Printing plate temperature (C): 30 (-1), 50 (0), 70 (+1). 
Table 2. The fitted models for unscaled coefficients and responses
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Model lattices were printed using extrusion-based 3D printing and various process parameters. 
The present lattices were compared with a theoretical ideal lattice to evaluate the 3D-
printability of aqueous PEO gels.
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Highlights
 PEO is an applicable material for extrusion-based 3D printing
 Printing head speed and plate temperature influence 3D-printability the most
 Extrusion-based printing does not induce solid-state changes in PEO
